Abstract: Coffeeisacomplexmixtureofpotentiallyactivechemicals.Itcontainssignificantamountsofphenolicpolymers,chlorogenicacidand alsocaffeine.Agriculturalfactors,roasting,blending,andbrewingdeterminecoffee'schemicalcomposition.Recentepidemiological studiessuggestthathabitualcoffeeconsumptionmayhelptopreventsomechronicdiseasesincludingtype2diabetes.Despitereportsfromtheclinicaltrialsoftheeffectofcaffeineondecreasinginsulinsensitivity,long-termprospectivestudiesrevealedthatcoffee mayimprovefastingglucose,glucosetoleranceandinsulinsensitivityaswell.Inthemostrecentpublicationhabitualcoffeedrinkers havealowertotalandcardiovascularmortalityrateamongdiabeticsubjects.
Introduction
Type 2 diabetes, formerly known as non-insulindependent diabetes (NIDDM), is the most common form of diabetes and is a major health problem associated with excess morbidity and mortality, which results in substantial health care costs. The total number of people with diabetes is projected to rise from 171 million in 2000 to 366 million in 2030 [1] . In Europe their number will increase from approximately 16 million in1994 to 24 million in 2010 [2] .
Type 2 diabetes is caused by complicated interplay of genes and environment. Genetic factors play an important role in type 2 diabetes, but the pattern is complicated, since both impairment of beta cell function and abnormal response to insulin are involved. Dramatic changes in the prevalence or incidence of type 2 diabetes have been observed in communities where there have been major changes in the type of diet consumed, from a traditional indigenous diet to a typical western diet, e.g. Pima Indians in Arizona, Micronesians in Nauru and Aborigines in Australia [3] [4] [5] . Changing disease rates are almost explained by changes in several dietary factors as well as by changes in other lifestyle related factors (obesity and sedentary lifestyle). This may be particularly important in triggering the genetic elements that cause this type of diabetes. Evidence increasingly indicates that healthy lifestyle and dietary habits can prevent most cases of type 2 diabetes. The prevention of type 2 diabetes has become a major issue from the public health perspective [6] . Coffee with its large number of consumers and numerous constituents has provided good grounds on this issue.
Coffee is a complex mixture of more than a thousand chemicals and significant amounts of caffeine and chlorogenic acid. The psychoactive effects of caffeine have been well documented, and most "folk knowledges" attributes the effects of coffee to be synonymous with those of caffeine, even though other more abundant components of coffee also have many biological effects but may not have been extensively studied. As it has been said, coffee is a major source of chlorogenic acid in the human diet and may affect glucose metabolism by different mechanisms. Even roasted coffee, where chlorogenic acid has been transformed into the other substances, has been shown to increase insulin sensitivity [7, 8] . In addition coffee influences the secretion of gastrointestinal peptides such as glucagon-like peptide-1 (GLP-1) and gastric inhibitory polypeptide (GIP) [9, 10] ; the other suggested mechanisms are direct stimulation of pancreatic betacells by caffeine [11] , and the magnesium content of coffee [12] [13] [14] [15] . However definite mechanisms for the possible effects of coffee on glucose metabolism are not well known. During the last few decades, research has attempted to clear health benefits or harms received from coffee drinking. Recent population-based studies suggest that coffee consumption may help to prevent several chronic diseases, including type 2 diabetes and its complications. In this state-of-the-art review, we summarize the knowledge regarding the role of coffee consumption on the risks of glucose tolerance, insulin sensitivity, and type 2 diabetes.
Mechanisms underlying the protective effects of coffee consumption on type 2 diabetes
Glucose regulation is an important issue in glucose metabolism and development of diabetes, and needs to be investigated in more detail at the intestinal, hepatic and the peripheral delivery stages of glucose metabolism.
Coffee contains many compounds other than well-known caffeine that may have the potential to influence each of these stages. At the intestinal stage, inhibition or retardation of the action of α-Glucosidase by chlorogenic acid is one of the possible mechanisms. The inhibition of this enzyme is an effective approach to control hyperglycemia [16] . It has also been reported that chlorogenic acid inhibits glucose transporters (Na + -dependent glucose transporters) at the same stage [17] . In addition coffee may also influence the secretion of gastrointestinal peptides such as (GLP-1) and (GIP), both of which are known for their glucose lowering effects [18, 19] . At the hepatic stage, reduced Glucose-6-phosphatase (Glc-6-Phase) hydrolysis or its inhibition by chlorogenic acid may reduce plasma glucose output leading to reduced plasma glucose concentration [20] [21] [22] [23] . At the peripheral delivery stage, lower fasting insulin values and lower risk of hyperinsulinemia among coffee consumers in this study may be interpreted as an improvement in insulin sensitivity by coffee consumption. The acute effects of caffeine on decreasing insulin sensitivity have also been reported [24] . However we believe these effects might be modified during long periods of coffee consumption as already seen with cardiovascular effects [25] and glucose metabolism may follow different pattern among heavy and chronic coffee consumers. Also the beneficial effects of coffee's components other than caffeine on insulin sensitivity should be considered [7, 8] . Ärnlöv and co-workers investigated the association between coffee consumption and both insulin sensitivity and insulin secretion in a cross-sectional study [26] . They determined insulin sensitivity index by hyperinsulinemic euglycemic clamp and found that both coffee and tea consumption improved insulin sensitivity [27] . Despite the relatively good correlation between fasting plasma insulin and insulin sensitivity derived from the hyperinsulinemic euglycemic clamp, measures of fasting plasma insulin explain no more than 50% of the variability in insulin action seen in nondiabetic subjects [28, 29] . This is because plasma insulin levels depend not only on insulin sensitivity, but also on a complex interplay between insulin secretion, distribution, and degradation [30] . However the measurement of plasma insulin concentration after an overnight fast seems to be one of the most practical ways to give some estimate of insulin resistance from the clinical perspective [31] [32] [33] and very high plasma insulin values usually reflect the presence of insulin resistance. Low or even "normal" insulin values are probably effective on postload glucose concentration. Homocysteine level has been suggested to explain the observed stronger inverse association of decaffeinated coffee and risk of development of diabetes because there is a dose-response relation between coffee and homocysteine level [34, 35] , and caffeine may be responsible for the homocysteine raising effect of coffee [36] . Furthermore homocysteine level has been indicated as a potential risk factor for developing diabetes [37, 38] , and it has been hypothesized that the lack of protective effect of decaffeinated coffee might be due to caffeineinduced hyperhomocysteinemia [39] .
It has been suggested that the mechanism of the observed inverse association between coffee consumption and diabetes might be, at least in part, due to the inhibition of iron absorption by polyphenol compounds present in coffee [40] . It has been evidenced that higher body iron stores are associated with an increased risk for diabetes [41] ; moreover induction of iron deficiency in impaired glucose tolerant subjects has been shown to improve insulin sensitivity [42] .
Effects of coffee consumption on glycemic profile (glucose tolerance and insulin sensitivity)
Most of the controlled clinical trials have revealed that acute administration of caffeine will impair glucose tolerance and insulin sensitivity [24, [43] [44] [45] . The effects of coffee consumption for 2 to 4 weeks on serum glucose and insulin level have been examined in randomized clinical trials. Drinking decaffeinated coffee for 14 days by people who used to consume an average of 560 mg/d of caffeine from coffee or tea caused decreased fasting blood glucose levels significantly [46] . The Hoorn investigators found that high coffee consumption for 4 weeks increased fasting insulin but no effects on fasting glucose level were observed, compared to coffee abstinence [47] . One recent study, which compared the acute effects of caffeine and coffee ingestion on glucose metabolism, found impaired glucose tolerance following both caffeine and regular coffee consumption. While caffeine ingestion resulted in higher glucose, insulin, and C peptide responses compared with both placebo and decaffeinated coffee, regular coffee consumption resulted in an attenuated response only for glucose and insulin when compared with decaffeinated coffee, and no difference was observed when compared with placebo [48] . Although short-term trials of coffee and caffeine ingestion demonstrated the negative impact on glucose tolerance and insulin sensitivity, epidemiological studies revealed that chronic coffee consumption may help to maintain normal glucose tolerance. Cross-sectional studies from diverse countries have found that coffee consumption is inversely associated with the incidence of impaired glucose tolerance after oral glucose load [49] [50] [51] . In addition a prospective cohort study of Dutch men and women found inverse association between habitual coffee consumption and the risk of developing impaired glucose tolerance. There was no association between coffee consumption and impaired fasting glucose in this study, which may be interpreted as effects of coffee consumption on post-load glucose metabolism more than fasting glucose [52] . A study by our group revealed an inverse association between coffee consumption and several markers of glycemia and diabetes. We found that coffee consumption was associated with lower values of fasting glucose, 2-hour glucose and fasting insulin among non-diabetic subjects (Table 1) . Coffee consumption was significantly and inversely associated with impaired fasting glucose, impaired glucose regulation, and hyperinsulinemia among both men and women and with isolated impaired glucose tolerance only among women [53] (Table 2) . 
Coffee consumption and Type 2 Diabetes
Although various health effects of coffee have been investigated extensively, until recently the association of coffee consumption and development of type 2 diabetes has not been thoroughly studied. Table 3 summarizes the results of 13 prospective cohort studies of coffee consumption and the risk of type 2 diabetes. A prospective study of about 17000 Dutch man and women found that the risk of developing type 2 diabetes was 50% lower in those who drank 7 cups of coffee daily compared to those who drank 2 cups or less [54] . Two large prospective cohorts, from the US Health Professional Follow-up Study of 41934 men and the Nurses' Health Study of more than 84000 women, revealed that in men who drank at least 6 cups of coffee daily, the risk of developing type 2 diabetes is 54% less than men who are coffee abstainers, and among women with the same amount of coffee consumption they observed a 29% lower risk in habitual coffee consumers compared to coffee abstainers [55] . There was also an observed moderate inverse association between decaffeinated coffee and the risk of type 2 diabetes in those cohorts. In a Finnish twins study there was a 35% risk reduction among those who drank 7 cups of coffee or more compared with those who drank 2 cups or less [56] . In another cohort of Swedish women, those who drank 3 cups of coffee had a 50% lower risk of type 2 diabetes than those who drank 2 cups or less [57] . Another community-based cohort from the US that examined the effect of coffee and sweetened beverages consumption and the risk of type 2 diabetes showed the same inverse association in these community-based US African-American and Caucasian adults, with a 23% decreased risk comparing to the abstainers [58] . An 11-year prospective study of about 29000 postmenopausal women found inverse association between regular and decaffeinated coffee and risk of type 2 diabetes, particularly in the decaffeinated coffee consumers [59] . They used 3 different regression models, each adjusted for a group of confounders. In model 1, which adjusted for age, education and hypertension, there was a 34% risk reduction in women who drank 6 or more cups of coffee compared to coffee abstainers. Adjusting for anthropometric, lifestyle and dietary factors in model 2 attenuated the results and further adjustment for magnesium and phytate in model 3 did not change the results. There was a stronger inverse association with decaffeinated coffee in all these 3 model analyses [59] . The Nurses' Health Study II of 88,259 U.S. women indicated an inverse association between both caffeinated and decaffeinated coffee and the risk of type 2 diabetes [60] . In a recent Japanese study including 17,413 persons, those who drank 3 or more cups of coffee daily had a 42% lower risk of type 2 diabetes than those who drank 1 cup or less per week [61] . Not all recent data have observed an inverse association between coffee consumption and type 2 diabetes. In fact an earlier Finnish cohort study of more than 19000 men and women (1973) (1974) (1975) (1976) (1977) with average follow-up of 14 years found no association between coffee consumption and the risk of type 2 diabetes [62] . Until the mid-1970s the coffee consumed in Finland was mostly pot-boiled, and its effect on reducing the risk of type 2 diabetes was less than that of filtered coffee in our more recent analysis [63] . Another study of Pima Indians also found no association between coffee consumption and the risk of type 2 diabetes [64] . Their coffee consumption was very low, and it has been shown that there is a graded inverse effect between the amount of coffee and the risk of diabetes. A systematic review of about 9 cohort studies revealed that the risk of developing type 2 diabetes in participants who drank 4 to 6 cups and more than 6 to 7 cups of coffee per day was 28% and 35% lower respectively compared to those who drank less than 2 cups daily (Table 3 ) [65] . They found the same inverse association between coffee consumption and impaired glucose tolerance or type 2 diabetes in cross-sectional studies [65] . The association between coffee consumption and risk of developing type 2 diabetes has been examined in several studies by our group. In a large prospective study we followed more than 14000 men and women for about 12 years. We found that the risk of developing type 2 diabetes in Finnish men and women who drank at least 10 cups of coffee were 55% and 79% lower than men and women who drank 2 cups or less [63] (Table 4) . We also examined the joint association of coffee consumption and other factors (including physical activity, obesity, and alcohol consumption) with the risk of type 2 diabetes and found that coffee drinking was associated with a reduced risk of type 2 diabetes in both men and women, and this association was observed regardless of the levels of physical activity, body mass index, and alcohol consumption [66] (Figure 1) . In larger prospective study we found the same inverse association between coffee consumption and risk of developing type 2 diabetes.
There is a strong association between the serum concentration of gamma-glutamyltransferase (GGT) and the risk of developing impaired fasting glucose or type 2 diabetes [67] , and recent results have suggested that GGT may be used as a risk indicator for developing metabolic syndrome and type 2 diabetes [68] . However in a recent study we evaluated the joint association between both coffee consumption and serum GGT levels and the risk of developing type 2 diabetes [69] . We found that the results were influenced by baseline GGT levels. At high GGT levels (≥75% percentile), coffee drinking was inversely associated with type II diabetes in women and both sexes combined (Table 5) . Thus, increased GGT levels may play a role in initiating development of type 2 diabetes; the increasing frequency of the disease in people with high GGT levels may be expected as reported earlier [70] . However in this study we found fewer cases of incident diabetes among habitual coffee consumers with high normal GGT levels which may indicate a stronger protective effect of coffee in these levels [69] . In conclusion the potentially preventable nature of type 2 diabetes has been evidenced by the implementation of lifestyle measures such as weight control and exercise. In many of the borderline cases of type 2 diabetes, the clinical appearance of the disease and its complications may be delayed by diet and exercise for many years. It may show the efficacy of the dietary behaviour in preventing the disease. Even when diabetes has occurred, coffee might have some potential to influence its complication. This has been evidenced by our recent large prospective study in which we evaluated the association between coffee consumption and mortality rate among type 2 diabetic patients [71] . Coffee drinking was associated with reduced total, cardiovascular disease, and coronary heart disease mortality. Patients with type 2 diabetes who drank 7 or more cups of coffee per day had a 21% decrease in total mortality, 21% in cardiovascular disease mortality, and 29% in coronary heart disease mortality rate, as compared to patients who drank 2 cups or less (Table 6) . Coffee has been included to the dietary menu of most people and it seems to be helpful in overall glucose metabolism. However we believe that these protective effects cannot be solely achieved by coffee drinking without considering the other lifestyle measures. In addition many people may end or lessen the effects of coffee drinking through aging, digestive problems or some other health-related reasons and consequently the overall incidental rate has not changed. Although habitual coffee consumption seems to be a safe and useful lifestyle behaviour with respect to type 2 diabetes, better knowledge of the components of coffee, human consumption and bioavailability is needed in order to properly evaluate the true role of coffee in type 2 diabetes. Eventually research in this area should lead to dietary recommendations optimized for specific population groups at risk for developing type 2 diabetes.
